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#1	
  Design	
  Driver	
  for	
  a	
  Light	
  Mass	
  
Dark	
  Ma4er	
  Detector	
  :	
  	
  

A	
  Massive	
  Detector	
  with	
  Amazing	
  
Energy	
  SensiLvity	
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SuperCDMS SNOLAB: 
•  Requirement: σpt  = 50 eVt  
•  Goal:  σpt  = 10 eVt   
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View of the BF LD insert and dilution unit 
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�2
<E> = CkbT

2

•  Minimize T 
•  Dilution Refrigerators can cool 

detectors to 5mK 
•  Minimize C 

•  Small Volume 
•  Low T 
•  Insulators Freeze out } 

States with Ei >> kbT aren’t 
thermally accessible, and don’t 
contribute to the heat capacity 



ExcitaLon	
  CollecLon	
  and	
  
ConcentraLon	
  

Collect	
  non-­‐thermal	
  
excitaLons	
  in	
  a	
  sensor	
  
with	
  small	
  volume	
  &	
  
small	
  heat	
  capacity	
  
before	
  they	
  can	
  
thermalize	
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Athermal	
  Phonon	
  Sensors	
  

Collect and Concentrate 
Phonon Energy into W TES 
(Transition Edge Sensor) 
 

R 
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Why are our current detectors so bad? 



Phonon	
  Signal	
  Bandwidth	
  

Phonon energy signal bandwidth 
limited by athermal phonon 
collection  

⌫signal = 210 hz
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TransiLon	
  Edge	
  Sensor:	
  Dynamics	
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Bandwidth	
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New:	
  Noise	
  of	
  G23R	
  Test	
  Device	
  
•  Tc	
  =	
  52-­‐53	
  mK	
  
•  	
  iZIP-­‐IV	
  TES	
  Geometry	
  

Estimated Noise: 
TFN + Johnson 
Noise 

Sp =1.5x10-17 W/rthz:  
•  Ge: σpt  ~ 50eVt  
•  Si:   σpt ~ 25eVt 
•  (15% phonon 

collection efficiency) 
•  Some things not yet 

understood G is x4 
bigger than expected 
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New:	
  G23R	
  Sensor	
  Bandwidth	
  

•  Sensor	
  Bandwidth	
  
measured	
  via	
  voltage	
  bias	
  
ji4er	
  

•  Experts	
  (No	
  Phase	
  
SeparaLon)	
  

•  τsensor	
  =	
  35	
  μs	
  
	
  	
  	
  	
  	
  νsensor	
  =	
  4.5	
  kHz	
  
•  52	
  mK	
  W	
  TES	
  is	
  sLll	
  too	
  

fast!	
  We	
  need	
  to	
  conLnue	
  
lowering	
  Tc	
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        Measured G23R 

Why are we above the scaling 
law curve? 
 
G: x4 larger than expected 

•  W TES films too thick? 
•  Σep varying with Tc ? 
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Why	
  is	
  it	
  taking	
  so	
  long?	
  
	
  

What	
  are	
  the	
  fundamental	
  
limits	
  in	
  phonon	
  resoluLon?	
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Problem	
  #1:	
  ParasiLc	
  Power	
  
As	
  we	
  lower	
  Tc,	
  we	
  become	
  more	
  
sensiLve	
  to	
  nuclear	
  recoils,	
  but	
  we	
  
also	
  become	
  more	
  sensiLve	
  to	
  
environmental	
  noise	
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ResoluLon	
  Limits:	
  ParasiLc	
  Power	
  

Our first- and second-generation TESs were designed to
achieve NEPs suitable for ground-based astronomy and were
fabricated using MoCu bilayers on 500-nm-thick SiNx mem-
branes with Tc of around 370 and 200 mK, respectively. We
tested many different devices having legs tens of microns
wide and hundreds of microns long. We found that the
thermal conductance to the bath varied approximately as
Gb ’ j0 (Atot/L) Tc

n!1 across a wide range of geometries and
critical temperatures, where Atot and L are the total cross sec-
tional area and length of the nitride support legs respectively,
n ’ 3 and j0 ’ 3" 10!3 W/m/Kn. The total area is given by

Atot¼
PI

i¼1

diwi, where di and wi are the thickness and width,

respectively, of the individual bridges forming the conduct-
ance, and I is the number of bridges. In the work described
in this paper I¼ 4.

The problem of extrapolating a design developed for
ground-based telescopes to that needed for space missions,
which must operate with a lower Tc and with a reduction in
Gb of three orders of magnitude, is nontrivial. For example,
typical thermal phonon wavelengths become greater than the
thickness of the nitride legs at temperatures of T3D!2D .
hct/pkbd where ct is the transverse sound velocity. Below this
temperature we expect a transition from bulk three-
dimensional (3D) transport to two-dimensional (2D) trans-
port and an associated reduction in n.13,14 As the temperature
is reduced further, the typical wavelengths become compara-
ble with the width of the legs, and the transport becomes
one-dimensional (1D), which is associated with a further
reduction in n. The precise value of n depends on the nature
of the phonon scattering mechanism. With ct¼ 6.2" 103

m/s, we find T3D! 2D ’ 470 mK for d¼ 200 nm and T2D! 1D

’ 100 mK for w¼ 1 lm, although we would not expect the
transitions to be sharply defined because the temperature de-
pendence of the Bose–Einstein distribution that describes the
phonon occupancies will tend to smear out the changes. We
would, however, expect the 200-nm-thick bridges described in
this paper to be operating in the 2D–1D regime, rather than the
3D–2D regime characteristic of our previous work.

In our early work on ground-based detectors we studied
the spectral density of the current noise, in(f). The measure-
ments showed significant current noise above that arising
from the experimental limiting sources.15 Concurrently with
that work we measured the heat capacity of our thin-film
SiNx (Ref. 16) and found, in agreement with the measure-
ments of others on bulk amorphous dielectrics,17 a specific
heat that was much greater than that expected on the basis of
a simple Debye model. The measured heat capacity shows
an almost linear dependence on temperature, which is usu-
ally attributed to Two Level Systems. With this in mind we
were able to create an extended thermal model that gave a
convincing account of the measured noise in two distinct
geometries at two operating temperatures. A clear conclusion
was that the excess noise was associated with the random
flow of thermal energy between the bilayer and parasitic heat
capacities—particularly those of the SiNx and the SiO2 layer
used to passivate the Cu of the bilayer. In the TESs reported
here, unnecessary dielectric was removed so that the com-

pleted devices had minimal heat capacity. We also omitted
the thin-film resistive absorbers and associated SiNx support
structures needed to make complete FIR detectors in order
that we could investigate the intrinsic physics of the TES.
We continue to use lateral and longitudinal normal-metal
bars on the bilayer to increase its internal thermal conduc-
tion. The lower operating temperature, Tc ’ 120 mK, was
achieved by increasing the thickness of the Cu in the bilayer.

In this work we report a study of the thermal properties of
a large number of MoCu TESs fabricated on ultrathin, 200
nm, free-standing SiNx membranes. In Sec. II, we briefly
describe the measurement system and the physical parameters
of the fabricated devices. In Sec. III, we review the thermal
measurements, giving details of the transition temperatures,
thermal conductance, saturation powers, and normal-state re-
sistance Rn. The dependence of Gb on the dimensions of the
support legs was studied and compared with simple models.
A total of 53 devices, having leg widths and lengths in the
ranges 1–4 lm and 160–960 lm, respectively, on four differ-
ent chips, each with 16 TESs, cut out from two different
wafers were characterized. To assess pixel-to-pixel uniformity,
the variation in Gb across 15 nominally identical TESs was
also investigated. Section IV presents the linearized electro-
thermal model that was used to predict dynamic behavior.
Section V describes how the electrothermal parameters, aI and
bI, and the heat capacity of the bilayers were extracted from
impedance measurements. The measured rise times and noise
spectra of a subset of the TESs are presented. These are com-
pared to the modeling, and the dark NEP is calculated. Finally,
Sec. VI summarizes the work and comments on the outlook.

II. SAMPLES AND MEASUREMENTS

The TESs studied in this paper consisted of a supercon-
ducting MoCu bilayer formed on a 200-nm-thick SiNx island
isolated from the heat bath by four long and narrow legs.
Figure 1 shows a photograph of one of the MoCu TESs
measured in this study. The device is slightly curved because
of residual stress in the SiO2 passivation layer. Similar devi-
ces with MoAu bilayers on 200 nm SiNx without the

FIG. 1. A single Mo/Cu TES with longitudinal and partial lateral Cu bars
across the bilayer. The SiNx island has an area 110" 110 lm2 and is 200 nm
thick. The supporting legs are 4 lm wide.

084507-2 Goldie et al. J. Appl. Phys. 109, 084507 (2011)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
169.229.32.136 On: Thu, 05 Jun 2014 00:35:22

SuperCDMS	
  	
  
(modeled)	
  

SAFARI	
  
(measured)	
  

Tc	
   30	
  mK	
   111	
  mK	
  

G	
   12800	
  fW/K	
   170	
  fW/K	
  

Pbias	
  	
   76	
  fW	
   8.9	
  fW	
  

SNEP	
  	
   6x10-­‐19	
  W/rthz	
   4.2x10-­‐19	
  W/
rthz	
  

JAP 109, 084507 (2011) SAFARI has created 
devices with x75 smaller 
G & x9 smaller Pbias than 

we require 

We’re far from the 
fundamental limits on 

phonon resolution due to 
parasitic power 

22	
  



Problem	
  #2:	
  W	
  TES	
  SensiLvity	
  
DegradaLon	
  at	
  low	
  Tc?	
  

•  As	
  we	
  conLnue	
  to	
  lower	
  Tc,	
  
does	
  the	
  W	
  TES	
  lose	
  
sensiLvity?	
  Does	
  it	
  become	
  
impossible	
  to	
  fabricate?	
  

•  Who	
  knows?	
  
•  100mK	
  -­‐>	
  50mK	
  sensiLvity	
  

remained	
  invariant	
  
•  If	
  yes,	
  there	
  are	
  lots	
  of	
  other	
  TES	
  

material	
  out	
  there	
  

R 

T 
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Problem	
  #3:	
  Base	
  Temperature	
  

•  DiluLon	
  Fridge	
  base	
  temperature	
  <	
  ~70%	
  Tc	
  
•  Short	
  Term:	
  Definitely	
  an	
  issue	
  for	
  SuperCDMS	
  

– UCB	
  75uW:	
  35	
  mK	
  

•  Long	
  Term:	
  Shouldn’t	
  be	
  a	
  problem	
  
– New	
  DF	
  at	
  UCB	
  (10mK)	
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Summary	
  
•  Light	
  mass	
  dark	
  ma4er	
  detectors	
  need	
  amazing	
  energy	
  

resoluLon	
  
•  Ultra	
  sensiLve	
  calorimeters:	
  	
  

–  very	
  low	
  T	
  
–  Small	
  sensor	
  volumes	
  -­‐>	
  	
  collecLon	
  /	
  concentraLon	
  
–  Final	
  Ingredient:	
  Bandwidth	
  matching	
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•  Over	
  the	
  next	
  5	
  years,	
  there	
  
should	
  be	
  huge	
  improvements	
  
in	
  detector	
  performance	
  	
  
–  1eV	
  baseline	
  noise	
  
–  ER/NR	
  discriminaLon	
  for	
  sub-­‐

keV	
  recoils	
  

	
  


